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INTRODUCTION

ABSTRACT

Aims/Introduction: To examine the three-dimensional morphology and vascular
endothelial growth factor (VEGF) expression of skin microvasculature in patients with

type 2 diabetes in relation to neuropathy, retinopathy and nephropathy.

Materials and Methods: The present study enrolled 17 individuals with type 2 dia-
betes and 16 without. Skin sections were double-immunostained for type IV collagen and
VEGF-A or protein gene product 9.5. Projected images from confocal microscopy served
to quantify the occupancy rate of subepidermal type IV collagen-immunoreactive
microvascular basement membrane area (OR-T4MBM), subepidermal VEGF-A-immunoreac-
tive area and the VEGF/T4MBM ratio, as well as the protein gene product 9.5-immunor-
eactive intraepidermal nerve fiber density. Reduced intraepidermal nerve fiber density was
applied for the diagnosis of neuropathy, fundic ophthalmoscopy and fluorescein angiogra-
phy for retinopathy, and microalbuminuria or persistent proteinuria for nephropathy.
Results: A total of 12 patients with diabetes had neuropathy, 10 had retinopathy and
eight had nephropathy. Regardless of the presence or absence of neuropathy, retinopathy
or nephropathy, OR-T4AMBM was significantly increased in patients with diabetes com-
pared with individuals without diabetes. In contrast, VEGF/T4MBM ratio was significantly
decreased in those with neuropathy and retinopathy, as well as in those with and without
nephropathy, whereas a trend toward a decreased VEGF/T4AMBM ratio was seen in
patients without retinopathy, as compared with individuals without diabetes.
Conclusions: The present study is the first report to show that cutaneous microan-
giopathy, as indicated by subepidermal microvascular proliferation and impaired VEGF
expression, appears to occur before the development of overt clinical neuropathy,
retinopathy or nephropathy in patients with type 2 diabetes.

just those findings, and are generalizable to a wide variety of

Thickening or hypertrophy of the microvascular basement
membrane represents a cardinal pathological hallmark of dia-
betic microangiopathy in humans, and is typically found in
neuropathy', retinopathy” and nephropathy’. However,
microvascular changes in diabetes patients are not confined to
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organs, including the skin®, muscle’, heart®, brain” and gingiva®.
Patients with type 2 diabetes with retinopathy and nephropathy
reportedly show pronounced skin microangiopathy*. In con-
trast, Malik ef al'. reported that in patients with neuropathy,
pathological alterations of the microvessels appeared more sev-
ere in the peripheral nerves than in skin and muscles. Given
the paucity of available information, further exploration of the
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relationship between systemic microvascular changes and repre-
sentative complications of diabetes would lead to a better
understanding of the pathophysiology underlying diabetic
microangiopathy.

The pathogenesis of diabetic microangiopathy remains poorly
understood. Hyperglycemia-induced metabolic alterations, such
as sorbitol formation, accumulation of advanced glycation end-
products, enhanced signaling of the receptor for advanced gly-
cation end-products, altered protein kinase C activity and
oxidative stress, have all been postulated to contribute to the
development of diabetic microangiopathy’. Another leading
hypothesis involves the impairment of microcirculation in
response to various vasoactive substances'’, with vascular
endothelial growth factor (VEGF) representing an attractive
candidate''. Previous studies have indicated the involvement of
VEGF in the pathophysiology of diabetic neuropathy'?,
retinopathy'® and nephropathy'®, showing differential VEGF
expression in different target tissues of diabetes. Quattrini
et al."” reported that VEGF expression in the epidermis and on
the dermal microvessels was reduced in patients with type 1
and type 2 diabetes with severe neuropathy, when compared
with control participants. However, no direct comparisons
among various organs were made for VEGF expression in a
systematic manner. The aim of the current study was thus to
assess the three-dimensional morphology and VEGF expression
of the skin microvasculature with the use of confocal
immunofluorescence microscopy in patients with type 2 dia-
betes in the presence or absence of neuropathy, retinopathy or
nephropathy, and to compare these results with those in partic-
ipants without diabetes.

MATERIALS

Study participants

All analyses were carried out with the approval of the ethics
committees of Hirosaki University Graduate School of Medi-
cine, Hirosaki, Japan (approval no: 2008-038), and Kagoshima
University Graduate School of Medical and Dental Sciences,
Kagoshima, Japan (approval no: 19-84). Between March 2005
and July 2010, we enrolled one male outpatient with type 2
diabetes who visited and 13 male inpatients with type 2 dia-
betes admitted to Hirosaki University Hospital, as well as three
male inpatients with type 2 diabetes who were admitted to
Kagoshima University Hospital. Patients who had a history of
psychiatric disorder, liver cirrhosis, chronic renal failure or
active malignant neoplasm, or who had neuropathy, retinal or
renal diseases attributable to causes other than diabetes were
excluded. To obtain reference values for the assessment of skin
biopsy samples as described below, we recruited 16 age-
matched male volunteers without diabetes who showed docu-
mented fasting plasma glucose levels <5.6 mmol/L and hemo-
globin Alc (HbAlc) levels <5.6% (38 mmol/mol) in annual
health checkup records enrolled in the Department of Pathol-
ogy and Molecular Medicine, Hirosaki University Graduate
School of Medicine between October 2010 and January 2011.
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All participants provided written informed consent for study
participation before enrolment. Fasting blood samples were
obtained to quantify levels of plasma glucose, HbAlc and
serum lipids. At the beginning of hospitalization, we measured
fasting serum C-peptide and average 24-h urinary excretion of
albumin (UEA) in two to three consecutive collections,
although UEA was not evaluated in one outpatient and two
inpatients with persistent proteinuria.

Definition of chronic microvascular complications

Positive neuropathic symptoms, such as prickling, tingling,
burning or aching pain in toes, feet or legs, were recorded.
Ankle reflexes were scored as abnormal if they were unequivo-
cally decreased or absent despite reinforcement. Vibratory per-
ception was assessed with a C128-Hz tuning fork and scored as
reduced if the average time for which the patient sensed vibra-
tion over bilateral medial malleoli was <10 s'°. Symmetric distal
reduction of touch perception was determined using a 10-g
monofilament applied to the plantar surfaces of the great toes
and feet. In addition to these clinical profiles, we applied skin
biopsy to intraepidermal nerve fiber (IENF) quantification for
diagnosis of diabetic neuropathy, particularly small fiber neu-
ropathy'”. Patients with and without neuropathic symptoms or
signs (sensory symptoms or abnormal ankle reflexes or reduced
vibration or touch perception) and reduced IENF density
(IENFD), as defined below, were diagnosed as having con-
firmed clinical and subclinical diabetic neuropathy, respec-
tively'®. During hospitalization or at the time of skin biopsy,
nerve conduction studies were carried out on the sural sensory
and tibial motor nerves using an electromyography system with
surface electrodes for stimulation and recording as described
elsewhere'>*. Diabetic retinopathy in the form of retinal
changes was detected by ophthalmoscopy and fluorescein
angiography. Diabetic nephropathy was defined by the presence
of microalbuminuria (UEA 30-300 mg/day) or proteinuria
(dipstick >1+).

Surrogate markers for atherosclerosis

During the hospital stay, bilateral brachial-ankle pulse wave
velocity (PWV) and ankle brachial index (ABI) in a supine
position were measured using a Form PWV/ABI (Omron
Colin, Tokyo, Japan). Maximum intima-media thickness of the
carotid arteries was determined bilaterally by ultrasonographic
examination according to a previously described method®'.
Values for the two sides were averaged for use in statistical
analysis. Intima-media thickness data were missing for two
inpatients.

Skin biopsy

Three-millimeter skin punch biopsies were carried out 10-cm
proximal to the lateral malleolus, and specimens were fixed in
cold Zamboni’s solution (2% paraformaldehyde, 0.2% picric
acid in 0.1 mol/L phosphate buffer), cryoprotected with 20%
sucrose and cryosectioned perpendicularly at 60 pm. Skin
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sections were double-immunostained with type IV collagen
(1:1,000; Chemicon, Temecula, CA, USA) and VEGF-A (1:200;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) or the pan-
neuronal marker protein gene product 9.5 (PGP9.5; 1:1,000;
Chemicon). Sections were cover-slipped with Prolong Gold
antifade reagent (Molecular Probes, Eugene, OR, USA) to avoid
photo-bleaching, and were examined using a Zeiss LSM510
confocal laser scanning microscope (Carl Zeiss, Oberkochen,
Germany) at identical settings including contrast, brightness
level and pinhole size. The linear density of PGP9.5-immunor-
eactive IENF was determined using a x40 water immersion
objective lens and appropriate filters at a resolution of
1,024 x 1,024 pixels, as described previously””. In brief, 16
confocal images were captured at 2-um intervals, and image
stacks were superimposed to produce a layered image for quan-
titation in three dimensions. Individual IENFs that penetrated
the basement membrane were counted using Zeiss LSM 510
image browser software (Carl Zeiss). Participants with IENFD
<7.4 fibers/mm were deemed to have neuropathy, as the value
was below the 5th percentile of participants without diabetes in
the present study.

Confocal microscopy of thick sections is preferable to con-
ventional light microscopy of thinner sections, allowing us to
increase sampling, obtain in-focus images, and carry out better
quantitative and morphological analyses of the stained cuta-
neous organs in three dimensions>. For type IV collagen and
VEGEF-A, projected images of 30-um optical sections at 2-pum
increments were acquired using a x20 objective lens from each
of five to six representative areas of a thick section. A total of
50-60 confocal images per section were analyzed using Image J
software (National Institutes of Health, Bethesda, MD, USA)
with the aid of a binary function and a fixed threshold. The
epidermis except for the keratin layer of each confocal image
was assessed to obtain the mean pixel intensity value for epi-
dermal VEGF-A immunoreactivity above the threshold set.
Positive type IV collagen and VEGF-A-immunoreactive areas
above the threshold set were divided by the total area examined
to obtain the occupancy rate (%) to obtain the mean
immunoreactive areas of subepidermal type IV collagen and
VEGEF-A. Subepidermal VEGF-A-immunoreactive areas were
also expressed relative to subepidermal type IV collagen-immu-
noreactive microvascular basement membrane areas. We evalu-
ated the subepidermal layer lying up to 200-um beneath the
epidermal basement membrane.

Statistical analysis

All statistical analyses were carried out using IBM SPSS software
version 24.0 software (Advanced Analytics, Tokyo, Japan). Data
are presented as mean * standard deviation (SD) for variables
with a parametric distribution, and median (interquartile range)
for varjables with a non-parametric distribution. The normality
of data distribution was assessed using the Shapiro-Wilk test.
Continuous variables were compared between individuals with
and without type 2 diabetes using the parametric Student’s t-test
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or the non-parametric Mann—Whitney U-test, as applicable. Cat-
egorical variables were compared between individuals with and
without type 2 diabetes using the Pearson y’-test. Simple linear
regression analyses were carried out to assess relationships
between the clinical variables and quantitative immunofluores-
cence results. A trained observer (SO) carried out quantitative
immunofluorescence analyses in a blinded manner. IENFD and
the subepidermal occupancy rate of type IV collagen-immunor-
eactive microvascular basement membrane area (OR-T4MBM)
were determined on two skin sections per participant and the
results were averaged for statistical analysis, while epidermal
VEGF-A immunoreactivity and subepidermal occupancy rate of
VEGF-A-immunoreactive area (OR-VEGF) were determined on
one skin section per participant. The significance of differences in
median values of IENFD and mean values of epidermal VEGF-A
immunoreactivity and subepidermal OR-T4MBM, and subepider-
mal OR-VEGF and subepidermal VEGF-A-immunoreactive area
relative to type IV collagen-immunoreactive microvascular
basement membrane area (VEGF/T4MBM ratio) among people
with and without type 2 diabetes in the presence and absence of
neuropathy, retinopathy or nephropathy was tested by the
Kruskal-Wallis test and analysis of variance followed by the
Tukey honest significant difference test, respectively. P-values
<0.05 were considered significant.

RESULTS

The clinical characteristics of 16 individuals without diabetes
and 17 individuals with type 2 diabetes are summarized in
Table 1. Patients with diabetes included more current cigarette
smokers, and showed a greater body mass index, higher HbAlc
and lower serum high-density lipoprotein (HDL) cholesterol
compared with participants without diabetes. Other clinical
variables including age, sex, height, alcohol drinking, blood
pressures, serum total cholesterol, triglycerides, and the current
use of statins, fibrates and angiotensin-receptor blockers did
not differ between individuals with and without diabetes.
Among patients with diabetes, the mean (SD) duration of dia-
betes was 6.4 * 82 years. On neurological examination, six
patients with diabetes showed sensory symptoms, nine had
abnormal ankle reflexes, four had reduced vibration perception,
10 had reduced touch perception, nine had confirmed neuropa-
thy and three had subclinical neuropathy (see below). Nerve
conduction studies showed that peripheral nerve function was
generally preserved in the present patients. Three patients with
diabetes had simple retinopathy, and seven had either preprolif-
erative or proliferative retinopathy, while five had microalbu-
minuria and three had persistent proteinuria. Four, five and
five patients with diabetes were treated with biguanides, sul-
fonylureas and insulin, respectively.

IENFD

The intraobserver (SO) variability for IENFD, expressed as the
mean of the absolute difference between the two examinations,
was 1.2 fibers/mm (SD 4.2, 95% confidence interval —0.6 to
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Table 1 | Clinical characteristics of study participants

Participants without diabetes Patients with diabetes P-value

n 16 17 —
Age (years) 41+ 10 44 + 15 0427
Sex (male/female) 16/0 17/0 -
Height (cm) 1737 £ 56 1710 £ 69 0226
Body mass index (kg/mz) 230 £ 24 261 £ 46 0021*
Current smoking, n (%) 3(188) 11 (647) 0.008*
Current alcohol drinking, n (%) 14 (87.5) 11 (64.7) 0225
Diabetes duration (years) — 110+ 82 -
Systolic BP (mmHg) 125+ 12 129 + 15 0.266
Diastolic BP (mmHg) 779 77 £ 11 0.706
HbATc (%) 52+ 03 99+ 29 <0.001*
HbATc (mmol/mol) 33+£3 78 £ 29 <0001*
Total cholesterol (mmol/L) 50+ 09 50+ 12 0.949
Triglycerides (mmol/L) 10 (13) 16 (12) 0.288
HDL cholesterol (mmol/L) 1.7 (08) 10 (03) 0.004*
Fasting serum C-peptide (nmol/L) - 06£03 -
Neuropathy

Sensory symptom, n (%) 0 6 (353) -

Abnormal ankle reflex, n (%) 0 9 (529 -

Reduced vibration perception, n (%) 0 4 (235) -

Reduced touch perception, n (%) 0 10 (588) —

IENFD <74 fibers/mm, n (%) 0 12 (706) -

Confirmed neuropathy, n (%) 0 9 (529) -

Subclinical neuropathy, n (%) 0 3(176) -

Tibial MNCV (m/s) — 415+ 55

Tibial CMAP (mV) — 82+ 39

Tibial F wave latency (ms) - 519+ 55

Sural SNCV (m/s) - 512+ 91

Sural SNAP (uV) — 83+ 44
Retinopathy

NDR, n (%) - 7 41.) -

SDR, n (%) - 3(176) -

PPDR/PDR, n (%) - 7 (41.) -
Nephropathy

UEA (mg/day)’ - 18 (77) -

Normoalbuminuria, n (%) - 9 (529 -

Microalbuminuria, n () - 5 (294) -

Proteinuria, n (%) - 3(176) -

Brachial-ankle PWV (cm/s)* — 14,202 (397) -

ABI* - 111 £ 010 -

Maximum IMT (mm)® - 100 (065) -
Medication

Statins, n (%) 4 (25.0) 1 (59 0.175

Fibrates, n (%) 1(6.3) 1 (59 1.000

ARBs, n (%) 2 (125) 3(176) 1.000

Biguanides, n (%) - 4 (235) -

Sulfonylureas, n (%) - 5 (294) -

Insulin, n (%) - 5(294) -

Data represent the mean + standard deviation, median (interquartile range) for variables with skewed distribution or number (percentage). ABI,
ankle brachial index; ARBs, angiotensin-receptor blockers; BP, blood pressure; CMAP, compound muscle action potential amplitude; HbATc, glycated
hemoglobin; HDL, high-density lipoprotein; IENFD, intraepidermal nerve fiber density; IMT, intima-media thickness; MNCV, motor nerve conduction
velocity; NDR, no diabetic retinopathy; PDR, proliferative diabetic retinopathy; PPDR, preproliferative diabetic retinopathy; PWV, pulse wave velocity;
SDR, simple diabetic retinopathy; SNAP, sensory nerve action potential amplitude; SNCV, sensory nerve conduction velocity; UEA, urinary excretion
of albumin. *Statistical significance (P < 0.05). TThree patients with persistent proteinuria were excluded from analysis. *One outpatient was not
included for analysis. ¥One outpatient and two inpatients were not included for analysis.
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Table 2 | Quantitative immunofluorescence results
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Participants without diabetes (n = 16) Patients with diabetes (n = 17) P-value
IENFD (fibers/mm) 139 (59) 55 (107) <0.001*
Epidermal VEGF-A immunoreactivity (arbitrary units) 110+ 35 83+ 16 0012*
Subepidermal OR-T4AMBM (%) 255+ 084 437 £ 135 <0.001*
Subepidermal OR-VEGF (%) 073+ 055 057 + 047 0222
Subepidermal VEGF/T4MBM ratio 029 £ 020 013 £0.10 0.005%

Data represent mean + standard deviation, or median (interquartile range)

for variables with skewed distribution. *Statistical significance (P < 0.05).

IENFD, intraepidermal nerve fiber density; OR-TAMBM, occupancy rate of type IV collagen-immunoreactive microvascular basement membrane areg;
OR-VEGF, occupancy rate of vascular endothelial growth factor-A immunoreactive area; VEGF, vascular endothelial growth factor; VEGF/TAMBM, vas-
cular endothelial growth factor-A immunoreactive area relative to type IV collagen immunoreactive microvascular basement membrane area.

3.1 fibers/mm). IENFD was significantly decreased in patients
with diabetes compared with participants without diabetes
(P < 0.001; median [interquartile range] 5.5 [10.7] vs 13.9 [5.9]
fibers/mm; Table 2). Among patients with diabetes, 12 showed
a significant reduction of IENFD with <7.4 fibers/mm (Fig-
ure la), whereas none of the participants without diabetes
showed reduced IENFD. In those individuals with reduced

IENFD, nine patients with neuropathic symptoms or signs were
diagnosed as having confirmed neuropathy and three patients
without neuropathic symptoms or signs were diagnosed as hav-
ing subclinical diabetic neuropathy (Table 1)'®. The decrease in
IENFD was significantly greater among patients with diabetes
with retinopathy compared with participants without diabetes
(P <0.001) and patients with diabetes without retinopathy

(@) IENFD (fibers/mm) (b) IENFD (fibers/mm) () IENFD (fibers/mm)
P <0.001 - P <0.001 P=0.010
2 ' P=0001 25 r P=00T6 1 2 ' '
—
S 0 g ] S
15 15 15
10 T 10 10
i : i - i
5 5 == 5
0 0 0 T
Non-  Diabetes without Diabetes with Non-  Diabetes without Diabetes with Non-  Diabetes without Diabetes with
diabetes neuropathy* neuropathy* diabetes  retinopathy retinopathy diabetes  nephropathy nephropathy
(N=16) (N=5) (N=12) (N=16) (N=7) (N=10) (N=16) (N=9) (N=8)
(d) (e) . A i (f)  Epidermal VEGF-A immunoreactivity
Epidermal VEGF-A immunoreactivity Epidermal VEG’,: A |mm4unoreact|V|ty (arbitrary units)
) ) (arbitrary units) Lrary
(arbitrary units) P- 0056 | P=0.035
16 P=0014 . 16 —P=0038 16 P=0058
14 14 14
12 12 12
10 T 10 10
5 I T [ [ 8 : |
J ; j I 1 ]
6 6 6
4 4 4
2 2 2
0 0 0
Non-  Diabetes without Diabetes with Non-  Diabetes without Diabetes with Non-  Diabetes without Diabetes with
diabetes  neuropathy*  neuropathy* diabetes retinopathy retinopathy diabetes  nephropathy nephropathy
(N=16) (N=5) (N=12) (N=16) N=7) (N=10) (N=16) (N=9) (N=8)

Figure 1 | Results of quantitative analyses of confocal immunofluorescence microscopy images with respect to (a—) intraepidermal nerve fiber
density (ENFD) and (d-f) epidermal vascular endothelial growth factor-A (VEGF-A) immunoreactivity in participants without diabetes and in patients
with diabetes with and without (a,d) neuropathy, (be) retinopathy or (cf) nephropathy. (@) The solid line represents the median value, the box

represents the interquartile range, the upper error bar represents the 95th
value. (d—f) Error bars indicate mean * standard deviation. *Including both

percentile value and the lower error bar represents the 5th percentile
confirmed and subclinical neuropathy.
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(P = 0.016; Figure 1b). IENFD was also significantly decreased
in patients with diabetes with nephropathy compared with par-
ticipants without diabetes (P = 0.010; Figure 1c).

Neuropathy, retinopathy and nephropathy in relation to
clinical variables

Clinical characteristics including age, body mass index, duration
of diabetes, HbAlc, blood pressures, serum lipids, cigarette
smoking and alcohol drinking did not differ between patients
with and without neuropathy or between those with and with-
out nephropathy. Patients with retinopathy showed longer
duration of diabetes and lower levels of serum total cholesterol
than those without (Table S1).

Epidermal VEGF-A

VEGEF-A expression was more apparent in basal cells and less
apparent in spinous cells of the epidermis, and was significantly
decreased in patients with diabetes compared with participants
without diabetes (mean [SD] 8.3 [1.6] vs 11.0 [3.5] arbitrary units;
P = 0.012; Table 2). In a similar manner, VEGF-A expression
was significantly decreased in patients with diabetes with neu-
ropathy (P = 0.014; Figure 1d), without retinopathy (P = 0.038;
Figure le) and with nephropathy (P = 0.035; Figure 1f), whereas
it was non-significantly decreased in those with retinopathy
(P = 0.056; Figure le) and without nephropathy (P = 0.058; Fig-
ure 1f), compared with participants without diabetes.

Subepidermal type IV collagen

The mean intraobserver (SO) difference of subepidermal OR-
T4MBM was 0.22% (SD 1.29%, 95% confidence interval —0.23
to 0.68%). A significant increase in subepidermal OR-T4MBM

was evident in patients with diabetes compared with partici-
pants without diabetes (mean [SD] 4.37% [1.35%] vs 2.55%
[0.84%]; P < 0.001; Table 2; Figures 2,3a,d,g). Subepidermal
OR-T4MBM was significantly increased in patients with dia-
betes with and without neuropathy (P = 0.005 and P = 0.002,
respectively; Figure 4a), retinopathy (P = 0.003 and P = 0.010,
respectively; Figure 4b) and nephropathy (P = 0.002 and
P = 0.003, respectively; Figure 4c).

Subepidermal VEGF-A

No difference in subepidermal OR-VEGF was identified in
patients with diabetes compared with participants without dia-
betes (Table 2), in the presence or absence of neuropathy (Fig-
ure 4d), retinopathy (Figure 4e) or nephropathy (Figure 4f). In
contrast, the VEGF/T4MBM ratio in the subepidermis was sig-
nificantly decreased (P = 0.005) in patients with diabetes com-
pared with participants without diabetes (mean [SD] 0.13 [0.10]
vs 0.29 [0.20]; Table 2; Figure 3). The VEGF/T4MBM ratio was
significantly decreased in patients with diabetes with neuropathy
(P = 0.009; Figure 4g), with retinopathy (P = 0.022; Figure 4h)
and with and without nephropathy (P = 0.023 and P = 0.039,
respectively; Figure 4i), whereas it was non-significantly
decreased in patients without retinopathy (P = 0.055; Fig-
ure 4h), compared with participants without diabetes.

Quantitative immunofluorescence results in relation to clinical
variables and micro- and macrovascular complications

Simple regression analyses showed that current alcohol drinking
correlated positively with IENFD and negatively with subepi-
dermal OR-T4MBM in people with diabetes. In addition,
serum total cholesterol correlated negatively with subepidermal

100 um

Figure 2 | Representative confocal image stacks of 30-um thick sections double-immunostained with antibody to protein gene product 9.5 for
nerves and with antibody to type IV collagen for basement membrane from (a) a 40-year-old participant without diabetes, (b) a 41-year-old patient
with diabetes showing preserved intraepidermal nerve fiber density and (c) a 29-year-old patient with diabetes showing complete loss of
intraepidermal nerve fibers. Nerve fibers immunoreactive for protein gene product 9.5 appear green or yellow. Epidermal basement membrane and
subepidermal microvasculature immunoreactive for type IV collagen appear red. (bc) Note the proliferation of microvessels in the subepidermis

from patients with diabetes.
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Figure 3 | Representative confocal image stacks of 30-um thick sections double-immunostained with antibodies to type IV collagen and vascular
endothelial growth factor-A (VEGF-A) from (a—c) a 34-year-old participant without diabetes, (d—f) a 55-year-old patient with diabetes without
reduced intraepidermal nerve fiber density, retinopathy or nephropathy and (g—i) a 58-year-old patient with diabetes with loss of intraepidermal
nerve fibers, proliferative retinopathy and persistent proteinuria. (,d,g) The epidermal basement membrane and subepidermal microvasculature
immunoreactive for type IV collagen appear red. (b,eh) Epidermal keratinocytes and subepidermal microvasculature and fibroblast immunoreactive
for VEGF-A appear green. (cf}i) Yellow-orange coloration in merged images indicates colocalization of type IV collagen and VEGF-A. Note that the
most intense VEGF-A immunoreactivity is observed in endothelial cells, less intense immunoreactivity in vascular wall cells (pericytes or smooth
muscle cells) and keratinocytes (mainly basal cells), and faint immunoreactivity in fibroblasts. VEGF-A immunoreactivity in these cells appears less
intense in (eh) both patients with diabetes than in (b) the participant without diabetes.
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Figure 4 | Results of quantitative analyses of confocal immunofluorescence microscopy images with respect to (a—c) subepidermal occupancy rate
of type IV collagen-immunoreactive microvascular basement membrane area (OR-T4MBM), (d—f) subepidermal occupancy rate of VEGF-A
immunoreactive area (OR-VEGF) and (g—i) subepidermal VEGF-A-immunoreactive area relative to subepidermal type IV collagen-immunoreactive
microvascular basement membrane area (VEGF/T4AMBM ratio) in participants without diabetes and patients with diabetes with and without (a,d,g)
neuropathy, (beh) retinopathy or (cfi) nephropathy. (a—c) The solid line represents the median value, the box represents the interquartile range,
the upper error bar represents the 95th percentile value and lower error bar represents the 5th percentile value. (d—i) Error bars indicate

mean + standard deviation. *Including both confirmed and subclinical neuropathy.

OR-T4MBM in people both with and without diabetes, whereas
serum HDL cholesterol correlated negatively with subepidermal
OR-T4MBM in people with diabetes, but not in those without
diabetes (Table 3). In terms of microvascular complications and
their key parameters in patients with diabetes (Table 4), neu-
ropathy, nerve conduction parameters and retinopathy, but not
nephropathy or UEA, correlated significantly with IENFD.
Sural sensory nerve conduction velocity and sensory nerve
action potential correlated positively with epidermal VEGF-A
and with subepidermal VEGEF/T4MBM ratio, respectively.
Among the surrogate markers for atherosclerosis in patients
with diabetes (Table 5), only ABI correlated negatively with
subepidermal OR-T4AMBM.

DISCUSSION
The present study provided the first direct evidence that cuta-
neous microangiopathy, as shown by the increase in

subepidermal OR-T4MBM, occurred before the development of
overt clinical evidence of neuropathy, retinopathy and
nephropathy. Among these, diabetic neuropathy might often be
the earliest to appear and even precede the onset of type 2 dia-
betes***. The present study used IENFD as an index of dia-
betic neuropathy, as this measure has been reported to offer a
sensitive marker of early diabetic neuropathy*® and was reduced
in participants with small-fiber neuropathy associated with pre-
diabetes®. The present study found obvious microvascular
basement membrane changes in non-neuropathic patients with
diabetes with normal IENFD, while IENFD reduction was
detected concurrently in patients with diabetes with retinopathy
and without nephropathy, suggesting early development of
cutaneous microangiopathy associated with type 2 diabetes. As
cutaneous microangiopathy appeared to progress after the
development of neuropathy, retinopathy and nephropathy, cau-
sal  relationships ~ might exist between  cutaneous
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ORIGINAL ARTICLE
Skin microangiopathy in type 2 diabetes

microangiopathy and chronic microvascular complications. In
addition, the observed relationship between ABI and subepider-
mal OR-T4MBM might support concurrent micro- and
macroangiopathy in type 2 diabetes patients.

Quattrini et al."® found that dermal blood vessel density was
increased only in patients with moderate neuropathy, not in
those with no, mild or severe neuropathy. That study used
thin (5 pm) cross-sections to assess blood vessel density for a
short distance of tissue under conventional light microscopy. In
the present study, confocal microscopy scanned type IV colla-
gen-stained thick (60 pm) sections at 2-um increments for
three-dimensional imaging of the tissue. The projected confocal
z-series enabled us to follow microvessels throughout the
30-um optical sections and detect proliferative changes to the
microvessels in the subepidermis in patients without overt clini-
cal neuropathy (Figures 2b and 4a), retinopathy (Figure 4b) or
nephropathy (Figure 4c). Another difference between that study
and the present study was that Quattrini et al. used markers
for endothelial cells, such as CD31 and von Willebrand factor,
to localize microvessels. Endothelial cell degeneration’ and
apoptosis™ are reportedly increased in patients with cutaneous
diabetic microangiopathy. Given the progressive nature of
endothelial dysfunction and vascular basement membrane
thickening in diabetic microangiopathy, the use of markers for
vascular basement membrane, such as type IV collagen, instead
of endothelial cells might be suitable for assessing dermal
microvessel density, proliferation or both.

Nailfold capillary hypertension, as detected using capillary
cannulation, has been shown to develop before the onset of
diabetic nephropathy in patients with type 1 diabetes”. In
contrast, other studies using laser Doppler techniques have
shown that decreased skin microvascular blood flow coexisting
with retinopathy and proteinuria, but not with clinical neu-
ropathy>>”'. More recent studies using semiquantitative video-
capillaroscopy have shown that nailfold capillary abnormalities
were associated with neuropathy’>”, retinopathy” >> and
nephropathy™. Such inconsistent findings with respect to cuta-
neous microangiopathy in relation to chronic microvascular
complications of diabetes might be due to the different tech-
niques used in different studies, suggesting the need for
histopathological confirmation. In contrast to the aforemen-
tioned methods used for evaluating capillary changes in the
nailfold, our three-dimensional approach to the skin for view-
ing the course of subdermal microvasculature offers a more
accurate and sensitive quantification of basement membrane
changes.

VEGEF-A can exert both angiogenic and neurotrophic/neuro-
protective properties®. In the present study, significant relation-
ships were apparent between sural sensory nerve conduction
deficits and reductions in epidermal VEGF-A expression and
the subepidermal VEGF/T4MBM ratio. We observed that epi-
dermal VEGF-A (Figure 1d) and the subepidermal VEGF/
T4MBM ratio (Figure 4g) were particularly decreased in
patients with neuropathy showing IENF loss and subepidermal
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ORIGINAL ARTICLE
Skin microangiopathy in type 2 diabetes

microvascular proliferation (Figures 1a,4a), suggesting neu-
rotrophic/neuroprotective effects for sensory fibers rather than
angiogenic effects from cutaneous VEGF-A. These findings
were consistent with the results described by Quattrini et al.">,
showing reduced expression of VEGF-A in the epidermis
among patients with severe neuropathy. Although they showed
the immunolocalization of VEGF-A in basal and spinous cells
of the epidermis, as well as in fibroblasts, pericytes, endothe-
lium and smooth muscle cells of the vascular wall in the der-
mis'", we found the most intense VEGF-A immunoreactivity in
endothelial cells, less intense immunoreactivity in vascular wall
cells (pericytes or smooth muscle cells) and keratinocytes
(mainly basal cells), and faint immunoreactivity in fibroblasts
(Figure 3b,e;h). Cutaneous VEGF-A thus seems likely to be
produced mainly by the dermal microvasculature, and its
impaired expression might be associated with sensory fiber loss
in human type 2 diabetes.

The present study also showed retained VEGF-A expression
in the subepidermis as a whole, as indicated by the lack of
alteration in subepidermal OR-VEGF among patients with dia-
betes. However, double immunostaining showed decreased
expression of VEGF-A per unit area of the subepidermal
microvasculature, as indicated by the decrease in the VEGF/
T4MBM ratio in the subepidermis, thus providing evidence for
impaired microvascular expression of VEGF-A in these
patients.

The present findings appear to contradict the view that
VEGF plays a role in mediating active neovascularization in
the process of ocular complications. Likewise in the human
diabetic kidney, findings were inconsistent in terms of VEGF
expression, ranging from upregulation particularly early in the
course of diabetes® to downregulation as a reflection of pro-
gressive podocyte loss in diabetic nephropathy®. In human
diabetic peripheral nerves, morphological abnormalities of the
microvessels have been reported, similar to those observed in
diabetic retina and glomerulus®. Whether endoneurial hypoxia
can induce VEGF overexpression in the peripheral nerves
remains unclear, but intramuscular plasmid VEGF gene trans-
fer improved neuropathic symptoms and sensory loss in
patients with diabetic neuropathy'?. Clearly, further studies are
required to elucidate the mechanisms underlying the tissue-
and temporal-specific regulation of VEGF expression in dia-
betes patients.

The present study found no significant differences in clinical
variables between patients with and without microvascular
complications, except for a longer duration of diabetes and
lower levels of serum total cholesterol observed only among
patients with retinopathy compared with those without
retinopathy. Linear regression analyses showed no relationships
between duration of diabetes and any of the quantitative
immunofluorescence results in patients with diabetes. However,
serum total cholesterol correlated negatively with subepidermal
OR-T4MBM in participants both with and without diabetes. In
addition, serum HDL cholesterol correlated negatively with
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subepidermal OR-T4MBM, while current alcohol consumption
correlated positively with TENFD and negatively with subepi-
dermal OR-T4MBM among patients with diabetes. Although
these unexpected findings warrant further investigation in a lar-
ger study, it might be worth noting that HDL can augment
ischemia-induced physiological angiogenesis and inhibit inflam-
mation-driven pathological angiogenesis through its receptor™,
and can regulate key angiogenic mediators including VEGF,
thereby modulating angiogenesis in inflammatory diseases such
as type 2 diabetes*".

Various potential limitations to the present study should be
considered. The statistical power of this study might have
been limited by the small sample size. However, taking into
consideration the difficulty of recruiting participants into stud-
ies that involve a biopsy, the current data with the use of
confocal microscopy of thick-skin sections would still be of
value in terms of providing direct pathological evidence and
early detection of cutaneous microangiopathy in patients with
diabetes. The patients with diabetes were more obese,
included more current smokers, and had higher HbAlc and
lower serum HDL cholesterol compared with participants
without diabetes. The current findings might therefore be
affected by these differences and should be validated in future
studies with larger sample sizes. Another weakness of this
study was the cross-sectional design, which did not allow us
to assess or confirm the direction of causality for the
observed findings.

In conclusion, the current protocols allowed us to detect
early cutaneous diabetic microangiopathy associated with
impaired VEGF-A expression in patients with type 2 diabetes.
Cutaneous microangiopathy might represent early features of
systemic microangiopathy preceding the onset of chronic
microvascular complications in these patients. Further investiga-
tion is warranted to determine whether basement membrane
changes and impaired VEGF-A expression in skin microvascu-
lature offer novel therapeutic targets for the prevention of late
complications.
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Table S1]| Clinical backgrounds in patients with diabetes with or without neuropathy, retinopathy, or nephropathy.
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